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ABSTRACT 
In this paper, the effects of varying the spot size of a high-power laser on the generation of 
acoustic waves are explored. The study simulated the interaction of the laser with a stainless-
steel sample away from the ablation region. The simulations provided a set of data for the 
selection of a laser spot size that is needed for detecting pores in additive manufacturing samples. 
The simulations show that as the spot size of the laser decreased, the frequency would increase at 
a rate that is approximately the inverse of the spot size. Due to the desire to detect smaller flaws 
and from the knowledge that the spot size has a large variation near the focal point, it would be 
beneficial to understand the effects that occur due to the variation of the spot size, particularly in 
regards to the frequency content provided by a single pulse.  
Keywords: Beam spot, laser ultrasonics, ultrasound frequency, non-destructive evaluation 
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1. INTRODUCTION 
In order to better set up and interpret the results obtained using laser ultrasonic methods, a study 
was conducted to see what happens to the ultrasonic signal generated when the spot size changes. 
This was of particular importance when performing measurements because it allows the user 
better quality control. Currently, most laser ultrasonic tools are specified with a given frequency 
span of 100’s kHz to 10’s of MHz [1,2,3]. This paper will mostly focus on the vertical velocity of 
the wave generated along the surface of a material for the purpose of examining the effects that 
occur due to the variation of the spot size. 
1.1 Model 
For this experiment, COMSOL was used to generate several results based on the spot size of the 
incident laser. The laser intensity incident on the surface of the material was defined as  
 
𝐼 = 𝐼𝑜𝑒
−
2𝑟2
𝑟𝑠𝑝𝑜𝑡
2
 
[1] 
where 𝑟𝑠𝑝𝑜𝑡 was defined as the radius where 𝐼 = 𝐼𝑜 ∗ 𝑒
−2 and the modulation of the laser pulse 
was defined in by Figure 1. 
 
Figure 1: Laser pulse width used in the experiment. 
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Table 1: Material specific properties used for a steel sample. 
Material Property Value 
Density 7750 𝑘𝑔 𝑚−3 
Poisson Ratio 0.30406 
Elastic Modulus 196.76 GPa 
Shear Modulus 75.442 GPa 
Radiant Heat Emissivity 0.8 
Specific Heat 475 J (𝑘𝑔 𝐶)−1 
Thermal Diffusivity 1.2088 ∗ 10−5 𝑚2 𝑠−1 
Pulsed Laser Energy 3.5272 𝜇J 
Melting Point 67195 𝑊 𝑚−1 
 
The material used was metal with no pores and has a smooth surface. The top surface where the 
laser pulse initially hits was modeled using the boundary conditions for a free surface. In 
addition, this surface is modeled with more elements in order to properly take into account the 
expansion of the metal due to laser heating. The samples of the models were taken at half the 
domain space on the surface, where the domain was defined as the distance needed for the 
longitudinal wave to be sufficiently separate from the Rayleigh wave. This was of particular 
importance to ensure that the two signals do not interfere with each allowing for the Rayleigh 
wave to be easily separated from the longitudinal wave.  
Table 2: The laser spot size diameters used in the model to generate the elastic waves. 
Spot 
Size 
50 µm 100 µm 200 µm 400 µm 800 µm 1000 µm 1600 µm 2000 µm 
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Figure 2: Vertical velocity of the surface wave for a laser spot size of 50 um. 
Based on Figure 2, it could be seen that two different waves were generated. The Rayleigh wave, 
in particular, had a relatively strong signal compared to the longitudinal wave. This was useful 
for the purpose of measuring defects on the surface of a material. However, it was also important 
that the frequency generated was useful for the purposes of non-destructive testing. In particular, 
a larger frequency will allow for the detection of smaller pores and defects. Whereas smaller 
frequencies will be able to penetrate deeper into the sample. 
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2. Simulation Results 
2.1 Frequency Response 
 
Figure 3: The normalized magnitude of the frequency response for a Rayleigh wave of varying 
incident spot sizes. 
Figure 3 shows the frequency response of all the spot sizes used in the model. It can be seen that 
at large spot sizes the frequency content does not change as much as the smaller spot sizes. This 
was important when taking samples. Also, for a laser, the intensity the material sees before 
absorption can be approximated with a Gaussian profile 
 
𝐼 = 𝐼𝑜𝑒
−2(
𝑟
𝑤(𝑧)
)
2
 
[2] 
 
𝑤(𝑧) = 𝑤𝑜√1 + (
𝑧
𝑧𝑜
)
2
 [3] 
 
𝑧𝑜 =
𝜋𝑤𝑜
2
𝜆
 [4] 
where 𝑤𝑜 was the spot size radius and 𝑤(𝑧) was the spot size radius as it propagates along the z-
direction. Assuming very little variation in the viewing angle at normal incidence, then it would 
be best to keep the receiver and the laser ultrasonic generating laser within the Rayleigh range of 
the laser to maximize the ultrasonic frequency. More specifically, in regards to NDT, a large spot 
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size at a large enough frequency would be desired such that the Rayleigh range is much larger 
than the variations in distance caused by the motors and the surface variations of the sample. 
Another area of importance, the receiver used should have a good spatial resolution. In the 
simulations, all data was measured at a point away from the source. So, for a laser-based 
receiver, it would be important that the systems incident beam on the sample be relatively much 
smaller than the wavelength of the Rayleigh and shear waves. The benefit of this is that data 
requirements are relatively low and it is relatively inexpensive relative to imaging systems. 
However, this comes with challenges in regards to alignment and spot size stability of the laser 
heating source and the receiver system. So instead a large spot size may be used. In regards to 
the receiver system, the sampled area is illuminated and the light reflected is collimated onto a 
camera with a relatively small area and high pixel density. A benefit of the larger spot size would 
be that it is more stable, assuming the lens has a large focal spot size. However, using this 
method may then limit the temporal resolution, increase data requirements, and significantly 
increase computational requirements for real-time measurements.  
2.2 Spot Size Relation 
From the simulations, a relationship was determined between the spot size incident on the 
sample and the peak frequency detected.  
 
Figure 4: Peak Frequency and 3-dB bandwidth in relation to the spot size. 
In Figure 4, the frequency generated from the model was fitted with a curve with respect to the 
spot size. The curve can be made by taking several data points and performing linear regression. 
a) b) 
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An assumption was made such that the frequency was dependent on a constant multiplied with 
the spot size to some exponent n and then taking the logarithms of both sides. 
 
log(𝑓𝑝𝑒𝑎𝑘 ) = 𝑐 +  𝑛𝑙𝑜𝑔(𝑑) [5] 
From the data, the computed values for c and n were 1026 and -1 respectively. When performing 
numerical simulations, this may prove useful for determining the correct spot size and laser 
needed for the experiment. Numerical simulations may take precious time and resources. So 
rather than guessing a spot size, one can simply run a model first for a given material and then 
input the peak frequency and spot size into the expected model and calculate the parameter c. 
Since the smallest feature that can be detected is dependent on the size of the wavelength, the 
wavelength desired can be calculated by using the expected material parameters of the sample to 
determine the velocity of the waves. The wavelength preferred for the feature can then be used in 
conjunction with the velocity to find the appropriate frequency. Based on the model, the 
expected RMS error of the calculated frequency was 1.6 ∗ 10−9 for the given range of spot sizes.  
2.3 Rayleigh Wave Attenuation 
 
Figure 5: Region of uncertainty due to thermal expansion and cooling. 
In Figure 5, there exists a region in the incident area where the area is still cooling down. Behind 
the dotted line, the velocity remains negative and slowly decays in amplitude. For the purpose of 
sampling flaws via the Rayleigh wave, the sampling spot should be placed at least 2 times the 
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radius of the spot size plus 2 times the radius of the sampling beam to ensure that none of the 
transient effects at the center alter the results. 
 
Figure 6: Strength of the surface wave as it propagates along the surface. 
Lastly, the Rayleigh wave attenuation was determined to decrease inversely with the square root 
of the distance. Assuming the wave is sufficiently far away from the center, an appropriate range 
may be calculated such that the signal is sufficiently strong enough to be detected by the 
detector. This will depend on the detector, but given the minimum detectable signal at a given 
frequency, one can then determine the maximum distance from the center the Rayleigh wave can 
be inspected. Unlike the frequency model, the constant relating the peak vertical velocity and the 
distance does not remain the same for different spot sizes.  
2.4 Variations in Pore Diameter and Depth 
It can be determined from Figure 7 that as the spot size is decreased, the amplitude changes 
increase for each pore size. In addition, the figures demonstrate that the wave generated by the 
smaller spot sizes interact more strongly with pore diameters less than 100 µm compared to the 
larger spot sizes. From Figure 3, it is apparent that the reason for this is due to the high-
frequency content generated by the smaller spot size. Also, if the focus is shifted towards the 
center of the spot, the changes in the amplitude are much stronger. This will be particularly 
useful when noise can be introduced by the detection system.  
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a)   
b)  
Figure 7: The peak differences in the Rayleigh wave vertical velocity are plotted for each of the 
spot sizes with respect to the depth and diameter of each pore. 
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a)  
b)  
Figure 8: The peak differences in the vertical velocity at the center of the spot are plotted for 
each spot sizes with respect to the depth and diameter of each pore. 
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Similar results can be obtained at the center where the laser heating occurs. In regards to the 
amplitude changes, they are a couple orders larger than the Rayleigh wave. From Figure 8, the 
changes are better defined near the surface for each pore diameter in comparison to the Rayleigh 
wave. Using this property and with the time it takes for the ultrasonic wave to reach the pore and 
return to the surface, it would then make calibration feasible for determining the size of the pore.  
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3. Experimental Results 
In order to determine the effect of the spot size, several different measures were taken to ensure 
that the parameters of the experiment match the simulation. In particular, the most important one 
was to determine the beam profile of the laser. In general, the optical specifications are provided 
by venders. However, since the beam was being focused as a function of distance, this needs to 
be taken into account. In addition, the beam profiles of lasers can vary depending on the 
manufacturing, environment, angle of incidence. Fortunately, beam profiling cameras provide an 
easy solution to this problem. Given the wavelength and power of the laser, a beam splitter, and 
ND filters were used to scale down the power of the SPI laser and later model the beam profile 
of the laser system as a function of distance from the source. 
 
Figure 9: Setup for the beam profiling experiment. 
Alva 12 
 
 
Figure 10: Beam Profile of the 1064nm SPI laser for a given position. 
 
Figure 11: Beam Diameter varied as a function of distance. 
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From the measurements, it was determined that the minimum spot size was approximately 18µm 
at the focal length. However, due to the camera specifications, the laser beam profile could only 
be measured with a pixel resolution of 3.2 µm. This means that the error in the spot diameter will 
be ±6.4 µm. In addition, errors may be introduced due to alignment of the optical equipment and 
the laser. Another cause of error would be the accuracy of the distance between the optical 
equipment and the laser. In addition, modeling the beam width as a function of the distance near 
the focus was limited by the accuracy of the Velmex motors. 
With the measured beam profile as provided in Figure 10 and Figure 11, laser ultrasonic 
measurements as a function of spot size could now be taken. This was be accomplished using the 
Optech system. In theory, the system made use of photorefractive crystal and two-wave mixing. 
To better understand the results, the method the system uses to interpret the measurements was 
by having two waves interfere with each other while modulating the waves to measure the phase 
shifts in the waves[8,9]. In the example of a heterodyne interferometer, the intensity measured at 
the photodiode was[10] 
 
𝐼 = 𝐼𝑜(1 + 𝑀𝑐𝑜𝑠(2𝜋𝑓𝐿𝑡 + 2𝑘𝑜𝛿 sin(2𝜋𝑓𝑈𝑡))). [6] 
The Optech system has a similar concept. A reference beam and a signal beam are used to 
measure the displacement using two-wave mixing. The receiver takes care of demodulating the 
signal and converting it into a voltage value. This measurement on the oscilloscope would then 
be used in conjunction with a given sensitivity value provided by the manufacturer to interpret 
the voltage signal into a displacement signal.  
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Figure 12: The interferometer was placed normal to the surface of the sample. The SPI laser was 
set such that the incident light was approximately 30° away from the normal of the interface. In 
addition, a beam trap was used to help capture any light from the SPI laser that was reflected off 
the surface. 
The system was capable of detecting changes in displacement due to the Rayleigh wave 
generated by the laser. The signal detected had a waveform as shown in Figure 13. The signals 
detected were then measured for each spot size in order to determine the frequency response. 
When detecting the Rayleigh waves, the measured results showed that the strongest ultrasonic 
waves were by those generated using a smaller spot size. In terms of the frequency of the 
displacement, the wave did not have a high frequency component. When increasing the power of 
the laser, it was seen that the frequency content would shift down. In addition, if the laser is 
allowed to generate more pulses in succession, it would cause the heated surface to enter the 
ablation region and skewing the desired results. 
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Figure 13: Wave detected using the Optec interferometer for a single pulse of the laser. 
 
Figure 14: Frequency spectrum for the measured signal detection of the Rayleigh wave. 
From the measured spectrum, there was very little to no variation in regards to the frequency of 
the measured signal. One take away was that as the spot size decreased, the amplitude of the 
measured Rayleigh wave increased. It should be noted that the frequency content of these waves 
has likely been limited by the spot size of the detector. The spot size was approximately 0.4mm. 
This means that if we want to capture the variations of these traveling waves along the surface as 
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a function of time at a certain point in space, the spatial and temporal resolutions of the receiver 
system should be relatively small to capture the variations of the traveling wave. 
 
 
Figure 15: The relationship between spot size and the peak frequency is plotted to determine is a 
relationship exists. Based on the values, it can be determined that for the given range in spot 
sizes, there is no definitive relationship between the two. 
4. Conclusion 
In the work presented, the simulations demonstrated that the effect of changing the spot size of 
the laser with respect to the ultrasonic wave’s peak frequency were inversely proportional to 
each other. In addition, given that a smaller spot size could generate a wave with a higher 
frequency, and it was calculated that the measured velocity differences will vary in a controlled 
manner such that the reflections increased the difference when the spot was either close to the 
surface or large in diameter. For larger beam spot sizes, the differences were relatively smaller 
compared to the smaller beam spots. While it was not possible to conduct the experiment as 
desired, the results did provide some information in regards the amplitude of the waves detected. 
More specifically, smaller spot sizes generated waves with larger amplitudes.  
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